I propose a method for measuring the quantum state of an optical field that occupies a mode having a complicated spatial structure. The technique uses array detectors and a single, plane-wave local oscillator beam. The advantage of using array detectors is that the local oscillator is not mode matched to the field being measured, yet the deleterious effects of this mismatch on the effective detection efficiency are greatly reduced compared to using single detectors. Indeed, when the spatial mode of the signal field is describable by a real function, the effective mode-matching efficiency is unity.
where √ is the mean frequency of the field, L is the longitudinal quantization length, and x and y are the transverse coordinates in this plane. The sum is over a complete set of independent modes, withâ n being the annihilation operator and u n ͑x, y͒ being the mode function corresponding to mode n. The mode functions form an orthonormal set of basis functions:
where D x and D y are the quantization lengths (detector widths) in the x and y directions. As will be shown below, by using the measurement scheme described in this Letter, it is possible to select out a single mode from the sum in Eq. (1) . This mode is referred to as the measured mode, and I denote it by n m. This measured mode is described by the spatial function u m ͑x, y͒, and all of the other mode functions in Eq. (1) can be obtained from it via the standard Schmidt procedure [16] . This field is to be detected with an array detector, located in the plane z 0 where the field is quantized. The detector consists of a two dimensional N 3 N 0 array of adjacent photodetectors (pixels). Each pixel has an area of ͑dx D x ͞N͒ 3 ͑dy D y ͞N 0 ͒, and the pixels are labeled by their x and y coordinates: x j jdx and y j 0 j 0 dy, where j 0, 61, 62, . . . , 6M ͑N 2M 1 1͒, and likewise for j 0 . Since discreet pixels are being used, it is convenient to express the normalization condition of Eq. (2) in terms of a discreet sum as
Furthermore, I note one other property of the mode functions that will be of use later on. If one of the mode functions [say, u n 0 ͑x, y͒] is real, then not only is Eq. (3) true, but also
Consider the arrangement shown in Fig. 1 , where the signal field E A is incident on a 50͞50 beam splitter. Entering the other input port of the beam splitter is field E B which, in the detector plane, may be written aŝ
In Eq. (5)b l is the photon annihilation operator for the mode having spatial mode function y l ͑x, y͒. The mode functions y l ͑x, y͒ are orthogonal and satisfy the same normalization conditions as the functions u n ͑x, y͒ given in Eq. (2) but need not take the same functional form as the u n 's. The fields leaving the beam splitter are denoted E m and E n , and for a particular choice of the beam splitter phase are given byÊ
These emerging fields are incident on array detectors located equal distances behind the beam splitter. The number of photons incident on pixel j, j 0 of array m in a time T is given by the operator [17] N mjj 0 cT 2ph√
The corresponding operator for array n is of the same form, with m replaced by n. To evaluate this expression, combine Eqs. (1), (5), and (6a) and substitute them into Eq. (7). Making the simplifying assumption that the pixel dimensions dx 3 dy are small enough so that the mode functions which make up E A and E B are approximately constant across a given pixel, it can be shown that
where H.c. denotes the Hermitian conjugate. The expression forN n jj 0 is nearly identical, the only difference being that the last sum (over n and l) is subtracted rather than added. The operator of primary interest in balanced detection is that corresponding to the difference number of photons for each pixel, DN jj 0 N m jj 0 2N n jj 0 . If we let L cT , this difference number is
Equation (9) is a general expression, which holds regardless of the states of the fields E A and E B . I now specialize on the case where the LO field E B is a single-mode, plane-wave coherent state. I assume that the LO field is incident perpendicular to the detector arrays, with all of the other plane-wave modes being in the vacuum. The field state for E B is thus j0, . . . , 0, be if , 0, . . . , 0͘, where b is the amplitude of the coherent state, and f is its phase. The properly normalized spatial function for this mode is
If the amplitude of this state is large (b ¿ NN 0 ; i.e., b is much larger than the total number of pixels) the dominant terms in Eq. (9) will be those proportional to b. Thus, it is reasonable to trace Eq. (9) over the state of the LO field, which replaces the operators for the LO field by their corresponding coherent state amplitudes
where the subscript f indicates that this operator depends on the phase of the local oscillator. This same approximation is often made in the theory of balanced homodyne detection using nonarray detectors, and it is expected to be equally valid here (for a further discussion of this approximation, see Ref. [18] ). Now assume that one wishes to perform a measurement on a particular mode n m of the signal field; furthermore, assume that u m ͑x, y͒ is real. Multiplying Eq. (11) by u m ͑x j , y j 0 ͒ and summing over j and j 0 , with the aid of Eqs. (3) and (4), demonstrates that
The term in brackets on the right side of this equation is proportional to the operator for the rotated quadrature amplitude of mode m:
The experimental apparatus; BS stands for 50͞50 beam splitter. The field being measured E A has a complicated spatial structure, while the LO field E B is a plane wave. For clarity only the detector pixels in the x direction have been shown. The y direction is perpendicular to the page, so there are also rows of pixels in each detector above and below the plane of the page.
Equation (13) is the main result of this Letter. By simultaneously measuring the photon difference number for each pixel DN jj 0 f it is possible to determine the rotated quadrature amplitude x m f corresponding to a particular spatial mode by combining the difference numbers according to Eq. (13). The rotation angle f is varied by adjusting the phase of the LO beam. The measured mode is chosen by the selection of the spatial mode function u m ͑x, y͒, with the constraint that this mode function must be real.
It is well known that if one can perform measurements corresponding to x m f for 0 # f # p, then it is possible to determine the quantum mechanical state of the field corresponding to mode m [1] [2] [3] [4] [5] . Thus, Eq. (13) demonstrates that an array detector is capable of making measurements which will allow one to determine the quantum mechanical state of an arbitrary mode of an optical field.
The fact that an array detector can measure the state of an optical field is not surprising. What probably is surprising is that in this detection scheme the mode functions of the measured mode u m ͑x, y͒ and of the LO mode y lo ͑x, y͒ are not the same, but this mode mismatch does not reduce the effective detection efficiency of the measurements. Thus, if the measured mode function is the same as the mode function of the actual signal ͑m s͒, then the effective mode matching efficiency is unity.
The fact that there is no loss of efficiency due to LO mode mismatch when using an array detector is best illustrated by an example. Assume that the signal beam occupies the spatial mode
where k 2p͞D x . The LO beam is a plane wave normal to the detector face, and its mode function is given in Eq. (10). If we perform homodyne detection of the signal mode given by Eq. (14) with this local oscillator using standard (i.e., nonarray) detectors of dimensions D x 3 D y , the mode-matching efficiency h mm is given by (see, for example, Ref. [4] )
dx dy y lo ͑x, y͒u s ͑x, y͒ 0 .
So, for this particular choice of modes the signal and LO are orthogonal. A standard homodyne detector is completely insensitive to this signal field and will yield no information about it.
To demonstrate how the array detector responds to the mode given by Eq. (14), assume that this mode is in a coherent state with an amplitude of a s , and all other modes of the signal field are in the vacuum: j0, . . . , 0, a s , 0, . . . 0͘. For simplicity I examine only the mean value of the detected quadrature amplitude to show that the array detector is sensitive to a field in this mode. Setting m s in Eq. (13), it is readily seen that
Using Eq. (11) it is found that
Substituting this expression into Eq. (16) and summing yields
This is the same expression one would find for a standard homodyne detector with a perfectly mode-matched LO-the amplitude has not been decreased by a factor proportional to the overlap of the signal and LO spatial modes. The detector itself yields measurements of DN jj 0 f , while according to Eq. (13) the quadrature amplitude x m f corresponding to the measured mode is determined by summing the measured values of DN jj 0 f with a weighting factor given by the mode function u m ͑x, y͒. Thus, by choosing different mode functions, it is possible to determine the quadrature amplitudes of many different spatial modes for any given set of measurements DN jj 0 f . One could thus imagine taking a set of data and searching for the spatial mode which contains some desired property-the mode that has the most squeezing, for example.
Despite the fact that the quadrature amplitudes of many modes may be measured simultaneously, it is not possible to use this technique directly to measure the joint quantum state of these modes. This is because all of the modes are measured with the same rotation angle f; to determine the joint quantum state each mode must have its own independently adjustable phase angle [6, 7] . It may be possible, however, to modify the implementation described here to allow one to determine the full joint quantum state of two or more modes, as has been done for standard homodyne detectors [7] [8] [9] .
The effect of having less than unity quantum efficiency for the detectors in the array has not been explicitly considered here, but this effect is essentially the same as for the case of nonarray detectors. If each pixel has quantum efficiency h, then the measured quantum distribution function is not simply the Wigner function but is instead an s-parametrized distribution, with s ͑1 2 1͞h͒ [4, 5] .
In conclusion, I have presented an analysis of quantum state tomography based on array detectors. I have shown that it is possible to measure the rotated quadrature amplitude of a desired spatial mode using this technique; hence it is possible to determine the quantum state of this mode. The technique uses a plane-wave local oscillator beam that is not mode matched to the signal mode, but this mode mismatch does not necessarily lead to any loss of efficiency in the measurements. The measured mode is determined by the experimenter during the data analysis, and the only limitation on this mode is that its mode function must be real.
This measurement technique could prove to be extremely valuable for studying fields generated by nonlinear optical processes which produce fields having complicated spatial structure [13, 14, 19] . It could also be useful for studying quantum effects in optical imaging [20, 21] .
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